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Abstract 1
2
Enterococcus faecium RM58 produces b-phenylethylamine and tyramine. A gene 3
from Ent. faecium RM58 coding for a 625-amino acid residues protein that shows 85% 4
identity to Enterococcus faecalis tyrosine decarboxylase, has been expressed in Escherichia 5
coli resulting in L-phenylalanine and L-tyrosine decarboxylase activities. Both activities 6
were lost when a truncated protein lacking 84 amino acids on its C-terminus was expressed 7
in E. coli. This study constitutes the first genetic characterization of a bacterial protein 8
having L-phenylalanine decarboxylase activity and solves a long standing question 9
regarding the specificity of tyrosine decarboxylases in enterococci. 10
11 
12 
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1. Introduction 1
2
The physiological role of trace amines in the brain is still not resolved. Evidence 3
that b-phenylethylamine (PEA) is a physiological constituent in the mammalian brain 4
acting as mood elevator in the central nervous system goes back to the early 1970s. PEA 5
may function primarily as an endogenous amphetamine, being an enhancer substance that 6
facilitates the release of the neuro-transmitters catecholamine and serotonin which has been 7
linked to the regulation of mood, physical energy, and attention (Shimazu & Miklya, 2004). 8
Arguably one of the foods with the greatest impact on mood is chocolate (Benton & 9
Donohoe, 1999), and it is thought that the reason why chocolate is said to be an aphrodisiac 10
is due to PEA (Godfrey et al., 1995). PEA also seems to be linked to the therapeutic effects 11
of physical exercise on depression, playing a role in the commonly reported runners high 12
(Szabo et al., 2001). However, in individuals with reduced monoamino oxidase detoxifying 13
activity, PEA ingestion has sometimes been associated with symptoms such as headache, 14
dizziness and discomfort (Lüthy & Schlatter, 1983; Premont et al., 2001; Millichap & Yee, 15
2003). 16
The origin of PEA in the human diet is diverse, and the contribution of PEA of 17
microbial origin is unknown. In foods, PEA levels of 100 mg/kg in chocolate and cheese 18
have been reported (Halász et al., 1994). PEA production has been described during food 19
fermentations (Santos et al., 2003) and it was suggested to be formed as a result of the 20
activity of tyrosine decarboxylating bacteria towards this structurally-related amino acid 21
(Millichap & Yee, 2003). To date, there have been just a small number of food fermenting 22
bacteria for which the presence of a tyrosine decarboxylase gene has been described; 23
Enterococcus faecalis (formerly, Streptococcus faecalis) (Connil et al., 2002), 24
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Lactobacillus brevis (Lucas et al., 2003), Enterococcus faecium (formerly Streptococcus 1
faecium), Carnobacterium divergens (Coton et al., 2004), and recently, Lactococcus lactis 2
(Fernández et al., 2004). Of these bacteria, L-phenylalanine decarboxylation has been 3
verified only for Lact. brevis, Ent. faecalis and Ent. faecium (Bover-Cid et al., 2001;4
Gardini et al., 2001; Moreno-Arribas & Lonvaud-Funel, 2001; Beutling & Walter, 2002). 5
Purified tyrosine decarboxylase from Lact. brevis does not demonstrate the ability to 6
decarboxylate L-phenylalanine instead it is L-tyrosine-specific (Moreno-Arribas & 7
Lonvaud-Funel, 2001). However, controversial results are found in Ent. faecalis. As early 8
as 1940, Gale tested washed suspensions of Ent. faecalis for the decarboxylation of 16 9
amino acids, including L-phenylalanine, and, as none of the amino acids were 10
decarboxylated, he concluded that the enzyme is strictly specific for the L-tyrosine 11
molecule (Gale, 1940). Later, in 1944, Epps found that in an acetone powder of  Ent. 12
faecalis cell extract, L-tyrosine and 3,4-dihydroxyphenylalanine are decarboxylated to the 13
corresponding amines; and, in an attempt to discover whether both compounds act as 14
substrates for the same enzyme or whether a separate enzyme is involved, he concluded 15
that it seems highly probable that only one enzyme is concerned in both decarboxylations 16
(Epps, 1944). And finally in 1948, McGilvery and Cohen, in the course of studies on which 17
they employed an acetone powder of Ent. faecalis, could not conclude whether tyrosine 18
decarboxylase also decarboxylates L-phenylalanine, or whether a second decarboxylase is 19
present in the acetone powder (McGilvery & Cohen, 1948). Presently, this is still an 20
unsolved question. Moreover, a well-known multinational chemical company offers two 21
different catalogue products from Ent. faecalis, dried cells from which L-tyrosine 22
decarboxylase activity can be extracted and a L-phenylalanine decarboxylase. 23
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Among enterococci, Ent. faecalis seems to carry several potential virulence factors, 1
whereas Ent. faecium plays an important beneficial role in the production of various 2
traditional fermented products and may also be successfully used as probiotics (Franz et al.,3
2003). Therefore, knowledge of its PEA production in fermented foods would be an 4
advantage. In order to investigate the production of  PEA by Ent. faecium and ascertain its 5
origin, we report here the characterization of a Ent. faecium gene coding for a 6
decarboxylase involved in PEA and tyramine biosynthesis. The protein implicated in both 7
reactions has been overproduced in Escherichia coli and biochemically characterized. 8
9
10 
2. Materials and methods 11
12 
2.1. Bacterial strains, plasmids and growth conditions  13
14 
Enterococcus faecium RM85, previously named Ent. faecium BIFI-85, was isolated 15
from a Spanish grape must. The E. coli strain DH5a (Sambrook et al. 1989) was used as 16
host for recombinant plasmids. Plasmid pIN-III(lppp-5)A3 (Inouye & Inouye, 1985) was 17
used for cloning polymerase chain reaction (PCR) fragments. Plasmid pIN-III(lppp-5)A3 is 18
an expression vector that allows the hyperexpression of the desired protein upon induction 19
with 0.5 mM isopropyl-b-D-thiogalactopyranoside (IPTG) in an E. coli strain 20
(DH5aF´[F´/end A1 hsdR17 (rK-mK+) supE44 thi-1 recA1 gyrA (Nalr) relA1 D(lacIZYA-21
argF)U169 deoR (F80dlacDZ)M15]). The construction of the recombinant plasmids pAM1 22
and pAM3 is described in the text. 23
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Ent. faecium was routinely grown in MRS medium (purchases from Difco, Detroit, 1
MI) at 30 ºC without shaking. E. coli cells were incubated in Luria-Bertani medium 2
(Sambrook et al., 1989) at 37 ºC with shaking. When required, ampicillin was added to the 3
medium at 100 µg ml-1. Chromosomal DNA, plasmid purification and transformation of E. 4
coli were carried out as described elsewhere (Arena et al., 2002). 5
6
2.2. DNA manipulations 7
8
Restriction endonucleases, T4 DNA ligase and the Klenow fragment of DNA 9
polymerase were obtained commercially and used according to the recommendations of the 10
suppliers. Gel electrophoresis of plasmids, restriction fragments, and PCR products were 11
carried out in agarose gels as described (Sambrook et al., 1989). PCR amplifications were 12
performed as previously described (Arena et al., 2002) by using Pfu DNA polymerase 13
(Stratagene). DNA sequencing was carried out by using an Abi Prism 377TM DNA 14
sequencer (Applied Biosystems, Inc.). 15
16 
2.3. Heterologous expression of the Ent. faecium decarboxylase gene in E. coli17
18 
The decarboxylase gene was PCR amplified from Ent. faecium RM58  by using Pfu 19
DNA polymerase and the synthetic primers 57 (5´-20
GCTCTAGAGGGTATTAATAATGAGTGAATCATTGTCG), 58 (5´-21
GCGAATTCTTAGCTATTATTTTGCTTCGCTTGCC), and primer 98 (5´- 22
GCGGATCCTTAGCTATTATTTTGCTTCGCTTGCC) (the underlined sequences 23
indicate restriction sites for XbaI in primer 57, EcoRI in 58, and BamHI for primer 98, 24
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7
since these restriction sites were not included in the published putative decarboxylase 1
nucleotide sequence). Primer 57 is based on the sequence of plasmid pIN-III(lppp-5)A3 and 2
contains the ribosome binding site domain, as well as the initial start codon and the 3
sequence encoding the first five amino acid residues of the decarboxylase. Primers 58 and 4
98 are also based on the sequence of pIN-III(lppp-5)A3 and contain the sequence encoding 5
the five last amino acid residues of the protein and several stop codons arranged in tandem. 6
The purified PCR fragment were digested with XbaI and EcoRI or XbaI and BamHI, and 7
cloned into pIN-III(lppp-5)A3 digested with the same restriction enzymes. The ligation 8
mixture was introduced by transformation into the strain E. coli DH5aF´ 9
10 
2.4. Enzyme assays 11
12 
Cells extracts for enzyme assays were obtained from induced cultures. Briefly, 13
DH5a cells harbouring either the original vector or the recombinant plasmid were grown in 14
LB broth supplemented with ampicillin (100 µg ml-1) at 37 ºC and 200 rpm to an optical 15
density at 600 nm of 0.4, and expression of the corresponding gene was induced by adding 16
isopropyl-b-D-thiogalactopyranoside (IPTG) to 0.5 mM (final concentration). After 4 h of 17
induction, samples of the cultures were harvested by centrifugation (10,000 x g, 5 min) and 18
the pelleted bacteria were resuspended in 50 mM phosphate buffer (pH 6.5) and disrupted 19
by sonication. The insoluble fractions were separated by centrifugation (15,000 x g, 1520
min), and the supernatants were used to detect the presence of hyperproduced proteins. 21
Protein concentration was determined with the Coomassie protein assay reagent (Pierce). 22
The standard assay to determine L-phenylalanine or L-tyrosine decarboxylation was 23
performed as described previously for L-tyrosine decarboxylation (Borrensen et al., 1989)24
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which included two buffer systems, 200mM sodium acetate buffer (pH 5.0) and 50 mM 1
phosphate buffer (pH 6.5), and adding L-phenylalanine or L-tyrosine at a final 2
concentration of 3.6 mM.  3
After the incubation time, the amines present in the reactions were determined by a 4
thin-layer chromatography (TLC) method (García-Moruno et al., 2005). 5
6
3. Results and discussion 7
8
3.1. Production of PEA and tyramine by Ent. faecium strains 9
10 
Tyramine-producing Ent. faecium strains were isolated in a wide screening of 11
biogenic amine production by lactic acid bacteria isolated from grape must and wine 12
(Marcobal et al., 2004). Since Ent. faecium strains had also been reported to produce PEA 13
(Bover-Cid et al. 2001; Beutling & Walter, 2002), we examined our tyramine-producing 14
Ent. faecium strains for PEA production. All of the three Ent. faecium strains analysed 15
produced both amines, tyramine and PEA (data not shown). We selected Ent. faecium 16
RM58 in order to gain deeper insight into PEA biosynthesis. Considering the previous (i) 17
postulation of possibly only one enzyme being involved in PEA and tyramine biosynthesis 18
in Ent. faecalis (McGilvery & Cohen, 1948), (ii) the identification of the Ent. faecalis 19
tyrosine decarboxylase operon involved in tyramine production was reported (Connil et al.,20
2002), and finally, (iii) the presence of a putative tyrosine decarboxylase gene has been also 21
described in Ent. faecium (Coton et al., 2004), our first hypothesis was that this gene codes 22
for a phenylalanine decarboxylase in Ent. faecium.23
24 
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3.2. Overexpression in E. coli of the gene coding for a putative decarboxylase in Ent. 1
faecium 2
3
Following searches in the uncompleted Ent. faecium genome database 4
(http://genome.jgi-psf.org/draft_microbes/entfa/entfa.home.html) for a putative tyrosine 5
decarboxylase, a gene coding for a 625 amino acid residues protein was found. The protein 6
encoded by this gene was firstly annotated in the database as glutamate decarboxylase and 7
related PLP-dependent proteins (ZP_00287527) and nowadays as pyridoxal-dependent 8
decarboxylase (ZP_00602894), and showed 85 % identity to Ent. faecalis tyrosine 9
decarboxylase. The gene coding for this putative decarboxylase was expressed in E. coli in 10
order to assign an unequivocal function. The gene was PCR amplified from Ent. faecium 11
RM58 by using Pfu DNA polymerase and the two synthetic primers 57 and 58, and cloned 12
into pIN-III(lppp-5)A3. The resulting plasmid pAM1, contained the putative decarboxylase 13
gene under the control of the lppp-5 and lacpo promoters, which can be induced at high 14
levels by IPTG. However, when the insertion site was verified by DNA sequencing, we 15
observed that the gene was cloned in a EcoRI site located at nucleotide position 1,621. This 16
EcoRI site was only present in the Ent. faecium RM58 decarboxylase gene sequence 17
(accession AJ783966). This unwanted cloning event produces a truncated protein of 541 18
amino acid residues, lacking 84 amino acid residues of the C-terminus. In order to solve 19
this cloning problem, primer 98 was designed. Following the same strategy described 20
above, plasmid pAM3 was obtained by cloning the 1.9 kb DNA fragment containing the 21
complete gene sequence of the Ent. faecium RM58 putative decarboxylase in pIN-III(lppp-22
5)A3. The correct sequence and insertion of the 1,9 kb fragment into recombinant plasmid 23
pAM3 was verified by restriction analysis and DNA sequencing. 24
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10
The putative decarboxylase from Ent. faecium RM58 was overproduced in E. coli 1
following the strategy described in section 2.4. Control cells containing the pIN-III(lppp-2
5)A3 expression plasmid alone did not show expression over the 4-h time course analyzed, 3
whereas the expression of additional 68-kDa protein was apparent with DH5aF´ cells 4
harbouring pAM3 (Fig.1). This molecular mass is in good agreement with the Mr deduced 5
from the nucleotide sequence of the corresponding gene. 6
7
3.3. Enzymatic activity f the putative decarboxylase gene 8
9
As reported above, sequence similarities had suggested that the gene might be a L-10
tyrosine, a L-phenylalanine, or a L-tyrosine/L-phenylalanine decarboxylase. As a 11
preliminary test, production of PEA or tyramine was examined by growing DH5aF´ cells 12
harbouring pIN-III(lppp-5)A3 or pAM3 in decarboxylase medium described by Maijala 13
(1993) supplemented with ampicillin, IPTG and 0.1% of the corresponding precursor 14
amino acid, L-phenylalanine or L-tyrosine, respectively. This decarboxylase media also 15
contained purple bromocresol as a pH indicator, and a positive result is indicated by a 16
colour change to purple in response to the pH shift by the indicator. The pH shift is 17
dependent on the production of more alkaline amine from the amino acid initially included 18
in the medium. Positive results for PEA and tyramine production were found in DH5aF´ 19
cells harbouring pAM3 and not in pIN-III(lppp-5)A3 cells (data not shown). These results 20
indicated that the Ent. faecium putative decarboxylase seems to decarboxylate L-21
phenylalanine as well as L-tyrosine, resulting in PEA or tyramine production. 22
In order to unequivocally identify the amines produced, supernatants of sonicated 23
cell lysates prepared from DH5aF´ cells harbouring pAM3 or pIN-III(lppp-5)A3 as 24
Page 10 of 19
ScholarOne Support 1-434/817-2040 ext 167
FEMS Microbiology Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For
 Peer
 R
eview
11
described in section 2.4, were assayed for L-phenylalanine and L-tyrosine decarboxylase 1
activity by following modified protocols based on methods previously described. We tested 2
enzymatic activities in cell extracts of  E. coli DH5aF´ cells harbouring pIN-III(lppp-5)A3 3
or pAM3. Cell extracts from E. coli DH5aF´ harbouring the recombinant plasmid pAM3 4
showed phenylalanine and tyrosine decarboxylase activities, whereas extracts prepared 5
from control cells containing the expression plasmid alone did not (Fig. 2). As showed in 6
Fig. 2, the enzyme seems to decarboxylate more efficiently in phosphate than in sodium 7
acetate buffer. These results are in accordance with previous Ent. faecalis results, where 8
phenylethylamine production significantly decreased with decreasing pH (Gardini et al.,9
2001). Thus, we could prove experimentally that this gene in Ent. faecium encodes a 10
functional decarboxylase that is able to perform L-phenylalanine and L-tyrosine 11
decarboxylation. Similarly, we had proved that the tyrosine decarboxylase previously 12
described in Ent. faecalis also possess this dual function (data not shown). 13
In order to elucidate if the deletion of the 84 amino acid residues on the protein C-14
terminus affects decarboxylase activity, the truncated protein was expressed following the 15
same strategy described for the complete protein. As expect d, the deletion of the protein 16
C-terminus disrupts decarboxylase activity (data not shown). 17
In contrast to these enterococcal decarboxylases, Lact. brevis tyrosine 18
decarboxylase, showing a 74 % identity to Ent. faecium decarboxylase, is not able to 19
decarboxylate L-phenylalanine being specific for L-tyrosine (Moreno-Arribas & Lonvaud-20
Funel, 2001). Similarly, the archaeal L-tyrosine decarboxylase from Metanocaldococcus 21
jannaschii, not specifically related to the bacterial L-tyrosine decarboxylases previously 22
identified, is specific for L-tyrosine (Kezmarsky et al., 2005). In addition, a specific 23
Page 11 of 19
ScholarOne Support 1-434/817-2040 ext 167
FEMS Microbiology Letters
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
For
 Peer
 R
eview
12
aromatic amino acid decarboxylase in Sorangium cellulosum So ce90 converted only L-1
dihydroxyphenylalanine to dopamine (Müller et al., 2000). 2
3
In summary, we have demonstrated that Ent. faecium RM58 possess a gene that 4
encodes a functional decarboxylase capable of producing PEA and tyramine from the 5
amino acids L-phenylalanine and L-tyrosine. In this study, we reported the first 6
heterologous expression of a bacterial tyrosine decarboxylase gene. Moreover, it also 7
constitutes the first genetic characterization of a bacterial L-phenylalanine decarboxylating 8
enzyme and solves a long standing question regarding the specificity of tyrosine 9
decarboxylases in enterococci. Thus, enterococci should be considered as potential PEA-10
producing organisms in fermented foods and therefore this characteristic should be taken 11
into account during strain selection in the health and food industry, mainly for its use as a 12
probiotic because of its reported beneficial effect on moods and in the alleviation of 13
depression. 14
15 
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Figure legends 1
2
Fig. 1. SDS-PAGE analysis of soluble cells extracts of IPTG-induced cultures of E.coli 3
DH5aF´ harboring the recombinant plasmid pAM3 for decarboxylase production. Lane 1, 4
E. coli DH5aF´ [pIN-III(lppp-5)A3]; lane 2, E. coli DH5aF´ (pAM3). The arrow indicated 5
the overproduced protein. The 10 % polyacrylamide gel was stained with Coomassie blue. 6
The positions of  molecular mass markers (SDS-PAGE standards; Bio-Rad) are indicated 7
on the left. 8
9
Fig. 2.TLC detection of PEA and tyramine produced by soluble cells extracts of E. coli 10
DH5aF´ harboring the recombinant plasmid pAM3. The reactions were performed in 50 11
mM phosphate buffer (pH 6.5) (PB) or 200 mM sodium acetate buffer (pH 5.0) (AB), and 12
supplemented with 3.6 mM of L-phenylalanine (Phe) (lanes 1 to 4) or L-tyrosine (Tyr) 13
(lanes 6 to 9) as substrate. Lane 1, E. coli DH5aF´ [pIN-III(lppp-5)A3] in PB; lane 2, E.coli 14
DH5aF´ (pAM3) in PB; lane 3, E. coli DH5aF´ [pIN-III(lppp-5)A3] in AB; lane 4, E.coli 15
DH5aF´ (pAM3) in AB; lane 6; E. coli DH5aF´ [pIN-III(lppp-5)A3] in PB; lane 7, E.coli 16
DH5aF´ (pAM3) in PB; lane 8, E. coli DH5aF´ [pIN-III(lppp-5)A3] in AB; lane 9, E.coli 17
DH5aF´ (pAM3) in AB. Lane 5, PEA standard solution; lane 10, tyramine standard 18
solution. The arrows indicate the position of PEA and tyramine. 19
20 
21 
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Figure 1 1
2
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Figure 2 1
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